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Available online 11 June 2014AbstractPlane wave generators (PWGs) are used to accelerate flyer plates to high velocities with their generated plane waves, which are widely used
in the test of dynamic properties of materials. The traditional PWG is composed of two explosives with different detonation velocities. It is
difficult to implement the related fabrication processes and control the generated waves due to its complicated structures. A simple plane wave
generator is presented in this paper, which is composed of two identical cylindrical high explosive (HE) charges and an air-metal barrier. A
theoretical model was established based on two different paths of the propagation of detonation waves, based on which the size of air-metal
barrier was calculated for a given charge. The corresponding numerical simulations were also carried out by AUTODYN-2D® based on the
calculated results, which were used to compare with the theoretical calculations. A detonation wave with a flatness of 0.039 ms within the range
of 70-percent diameter of the main charge was obtained through the simulations.
Copyright © 2014, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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Due to the requirements of the material processing and
research on dynamic behavior of materials, the acceleration of
high velocity projectiles [1e3] and various methods to obtain
a plane wave [4e10] using high explosives have been studied
in recent years. Plane wave generator (PWG) is a common
explosion apparatus to generate a plane wave by controlling
detonations of high explosive (HE) charges. The typical con-
figurations of PWGs include two-component explosives,
multipoint initiation, mouse trap and inert materials [4e10].* Corresponding author. Tel./fax: þ86 2584315149.
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which consists of two explosives with different detonation
velocities, was considered to be the most efficient way to
generate plane waves [7,8]. This kind of PWG has been most
widely used, however the corresponding fabrication processes
and the control of detonation waves are difficult because of its
complicated structures. Additionally, it is expensive.
In order to obtain simplified fabrication processes, a lower
cost, and a plane wave with higher precision, there is a trend to
replace the explosive with an inert material in the central
wave-shaping mechanism. Sandia National Laboratory in
USA manufactured a small-size PWG using brass as an inert
material, in which the time difference of detonation wave
generated can be less than 0.245 ms in the range of F20 mm
[9]. Besides, plexiglass as an inert material was also studied by
Chen et al. [4]. and Fritz [10]. The inert material can be
produced by casting, which makes the fabrication process
more conveniently with a smaller demand for charge. Addi-
tionally, the detonation waves generated by the PWGs with
inert materials are more planar and more easily controlled.Elsevier B.V. All rights reserved.
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the curve surfaces of the inert explosives or materials. How-
ever, the fabrication would be simpler if the curve surface of
the inert explosive or material could be replaced by a plane
surface. Therefore, in order to design a simpler structure and
obtain more plane waves, a simple plane wave generator with
air-metal barrier was studied [11,12].
The simple plane wave generator is composed of two cy-
lindrical charges and an air-metal barrier between them, as
shown in Fig. 1. An important effect of the barrier is that a
transmitted shock wave can be formed at the explosive-metal
interface and then propagates in the metal media. On the other
hand, when the spherical detonation waves are in contact with
air, the detonation products expand at high pressure and ve-
locity. Therefore, the main charge is initiated either by the
shock wave or the detonation product. Since the velocity of a
shock wave formed in metal is higher than that of detonation
products expanding in air, the configuration of detonation
waves is changed. Based on the above analysis, a spherical
detonation wave can be adjusted to a quasi-plane wave.Fig. 1. Schematic diagram of a simple plane wave generator.Aluminum is suitable for metal part due to its low density
and high sound velocity. The simple plane wave generator
with an aluminum ring was first designed by Yu and his col-
leagues [11], and the detonation waves with high flatness
generated by the device were measured in their experiments.
However, an important factor to the high flatness might be a
large slenderness ratio (about 2) of charges used in their ex-
periments, which would increase the curvature radius of the
spherical wave and make it approximate to a plane wave. Zhao
et al. [12] also designed a simple plane wave generator, in
which the slenderness ratio of the HE charge is 0.6. The device
was used in the test of the dynamic constitutive relationship of
granite specimens. However, there have been few studies on
the theoretical model and specific design method in the
publications.Fig. 2. Schematic diagram oThe objective of this paper is to design a simple plane wave
generator with aluminum ring, in order to obtain more plane
waves. Theoretical analysis and numerical simulations were
both presented to determine structure parameters of this kind
of PWG. The specific theoretical analysis is concentrated on
two kinds of interfaces mentioned above, one is between the
aluminum medium and explosives, and the other is between
the air gap and explosives. Consequently, the size of aluminum
ring can be calculated for a given charge. The numerical
simulations were carried out by AUTODYN® with Lee-Tarver
and JWL model based on the theoretical calculated results.
Time difference was used to evaluate the flatness of detonation
waves. The results provide the difference in generated deto-
nation waves based on different sizes of aluminum rings. In
addition, the simple PWG with an air-metal barrier can be
designed for given charges.
2. Mathematical description of simple PWG with an air-
metal barrier
In order to determine the size of an aluminum ring for a
given charge, the propagation of the detonation wave in the
PWG with an air-metal barrier was analyzed. Fig. 2 shows two
different propagation paths of a detonation wave or a shock
wave, i.e. i/ o/ f and i/ a/ e. Here, OA, OB and OR are
the detonation wave front, the transmitted shock wave front
and the reflected shock wave front at the explosiveemetal
interface, respectively. Considering the disturbance of the
outside rarefaction wave at the edge of the barrier and the
complicated interactions at the aluminumeair interface in the
barrier, for simplification, only the middle Point “o” of the bc
segment is focused. On the other hand, the propagation path of
a detonation wave from “i” to “a” in the secondary charge is
the shortest. Thus, a quasi-plane wave can be obtained if the
total time for the wave to travel along the two paths is equal.2.1. Analysis of shock waves via the aluminum mediaAssuming that the detonation is in a steady state after
initiation and based on the geometric relation shown in Fig. 2,
the time required for the detonation wave to arrive at point “o”
is
tio ¼ L
D cos 40
ð1Þf the function principle.
192 W. XIONG et al. / Defence Technology 10 (2014) 190e197where D is the detonation velocity; 40 ¼ arctanðdE þ dA=4LÞ
is the incident angle of detonation wave; L and dE are the
length and diameter of explosive cylinder, respectively; and dA
is the inner diameter of aluminum ring.
With the impact of the oblique detonation wave at the
interface, in which the peak pressure may reach several billion
Pa, a transmitted shock wave is formed. First of all, it is
important to determine the initial parameters of the trans-
mitted shock waves. According to the theory of oblique
detonation waves in Refs. [8], the angle 43 between the
interface and the transmitted shock wave front can be deter-
mined and then the initial shock velocity Dm in the aluminum
can be defined as
Dm ¼ D
sin 40
sin 43 ð2Þ
Furthermore, the initial parameters of the transmitted shock
waves, such as shock pressure pm, media density rm and
particle velocity um, can be determined according to the mass
conservation equation, the momentum conservation equation
and the equation of state (EOS) of media, respectively
rm0Dm ¼ rmðDm umÞ ð3Þ
pm ¼ rm0Dmum ð4Þ
Dm ¼ Cþ Sum ð5Þ
where rm0 is the initial density of media; and C and S are the
constants in EOS. For aluminum, rm0 equals 2.785 g/cm
3, C
equals 5.328 km/s, and S equals 1.338.
Then, according to Ref. [14], an exponential decay rela-
tionship of the pressure versus distance can be used to describe
the propagation of a shock wave through elasticeplastic ma-
terial at the segment of
px ¼ pmeax ð6Þ
where px is the pressure after the shock waves propagates for x
mm in the media; and a is the corresponding attenuation
index. For aluminum, a ¼ 0.047 mm1 [14].
According to Eq. (4) and Eq. (5), the corresponding shock
velocity Dx in the media can be defined as
Dx ¼
Cþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
C2þ 4S,pm,eax=cos43
rm0
q
2
ð7Þ
Thus, the time for shock waves to propagate through the
media is
tof ¼
Z l
0
dx
Dx cos 43
ð8Þ
where l is the thickness of the air-metal barrier.
Finally, according to Walker's and Wasley's work [15], the
critical energy Ec per unit area for shock initiation of hetero-
geneous explosives can be defined asEc ¼ put, where p and u
are the pressure and particle velocity of shock waves inexplosives, respectively, and t is the time for initiation. Thus
the time for a shock wave to initiate the main charge is
tff ¼ Ec

pf uf ð9Þ
where pf and uf are the pressure and particle velocity of the
transmitted shock waves in HE at Point “f”, respectively,
which can be determined by a graphic method with Hugoniot
curves [16]. Additionally, it should be point out that the
propagation distance of shock waves in the main charge
during this process was neglected since the initiation time is
too short.
Based on above analyses, the total time for the wave to
travel along Path I is
tI ¼ tif ¼ tioþ tof þ tff ð10Þ2.2. The effect of air gap on detonation productsSimilarly, the arrival time of detonation waves at Point “a”
is
tia ¼ L=D ð11Þ
The pressure decreases with the expansion of detonation
product in the air. For the simple PWG, the thickness of the
aluminum ring is much less than the length of the secondary
charge. And for common spherical charges, according to the
formation process of air blast wave in Ref. [13], the corre-
sponding expansion of detonation products at such a small air
gap can be described as
pHV
3
H ¼ paxV3ax ð12Þ
where pH and VH are the pressure and volume at CeJ state,
respectively; pax and Vax are the pressure and volume of
detonation products during expansion, respectively. It can be
proved that no air blast wave is formed in this process.
However, the calculation results based on this law is proved
to be quite different from the simulation results in the Comp B
by AUTODYN-2D®, as shown in Fig. 3. It can be see from
Fig. 3 that the initial pressure obtained from the simulation is
only one eighth of the CeJ pressure in explosive. And the
pressure pax and the particle velocity uax of detonation prod-
ucts during expansion can be redefined as
pax
pa
¼ 1 46:94lþ 1158:56l2 13836:9l3þ 76571:18l4
 157994:65l5
ð13Þ
uax
ua
¼ 1þ 4:25l 1:45l2 1242:79l3þ 15745:77l4
 58990:6l5 ð14Þ
where pa and ua are the initiate pressure and velocity of
detonation products, respectively. pa ¼ 3.32 Gpa,
ua ¼ 4067 m/s, l ¼ x/(L þ x), and x is 0e10 mm.
Table 2
Parameters of charges.
HE r0/(g$cm
3) D/(km$s1) g E/(cal$g1) Ec/(KJ$m2)
Comp B 1.63 7576 2.63 1240 1470
RDX 1.65 8180 2.70 1280 798
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products in the air gap can be expressed as
tae ¼
Z l
0
dx
uax
ð15ÞFig. 3. Comparison of the simulation results with (F50  50) mm Comp B and
the calculation results with the same charge based on the law in Ref. [8].The impact of detonation products against the main charge
can be described as an impact between different materials in
Ref. [15]. The corresponding time for shock initiation is
tee ¼ Ec=peue ð16Þ
where pe and ue are the pressure and particle velocity of the
transmitted shock waves in explosive at Point “e”,
respectively.
Therefore, the total time for the process along the Path II is
tII ¼ tie ¼ tia þ tae þ tee ð17Þ2.3. Theoretical calculations of the simple PWG with
air-metal barrierBased on the theoretical analysis above, it shows that the
ultimate shape of the detonation wave in the main charge is
determined by the parameters related to the charge and the air-
metal barrier. After obtain the calculation results by analyzing
through two different paths, it becomes easier to design the
simple PWG with an air-metal barrier.
Calculations were performed for some typical schemes
shown in Table 1, where the charge was given, and the inner
diameter of the aluminum ring was set to be little less than the
half radium of the explosive. The total time for the wave toTable 1
Parameters of typical schemes.
Scheme HE dE/mm L/mm dA/mm
1 Comp B 50 50 22
2 Comp B 50 50 19.5
3 RDX 50 50 22
4 RDX 50 40 22travel along the two paths depends on the thickness of the
aluminum ring, which can be obtained through calculations.
The parameters of charges are given in Table 2. The time-
ethickness curve for each scheme is shown in Fig. 4. Addi-
tionally, some calculation parameters at the Point P for the
first scheme and the third scheme are shown in Table 3.
The abscissa of intersection point P of each scheme in
Fig. 4 indicates the value of the optimal thickness of aluminum
ring for generating a quasi-plane detonation wave. The results
show that the thickness of aluminum ring in Comp B is
different from that in RDX with comparison of Schemes 1 and
3. It is mainly due to the higher detonation velocity of RDX,
which decreases the time difference in the secondary charge.
Besides, the detonation pressure and critical energy for a
shock initiation of an explosive are also very important factors.
On the other hand, it can be seen from Fig. 4 that the
calculation results vary from the size of the secondary charge
or the inner diameter of aluminum ring, which have an
important influence on the propagation distance and incident
angle 40.
3. Simulations of detonation wave in the simple PWG
with air-metal barrier
In order to verify the validity of the theoretical model and
show the propagation process of detonation wave in the
simple plane wave generator, the numerical simulations
based on the calculation results were conducted using
AUTODYN-2D®, where the HE was modeled as Comp B
with size of (F50  50) mm. Additionally, a nylon shell was
added to the charge to prevent the outside rarefaction wave
from disturbing.
In the simulation, the nylon shell was modeled as
Lagrangian meshes, while the propagation process of deto-
nation waves or shock waves in the HE and the aluminum
ring were described by Euler algorithm. The Euler grid,
modeled as a rectangle (300  120 mm), was sufficiently
large enough to cover the entire structure. The nonreflecting
boundary condition was added on the side surfaces of the
Euler domain.
A regular mesh of 0.5 mm square cells was used. The
hydrocode model is shown in Fig. 5. In the simulation of shock
waves, the element size is important [17]. A coarse mesh will
induce the dispersion effects and lead to the inaccurate results.
Therefore, an upper limit is set for the element size in order to
properly simulate the shock waves. On the other hand, an
increase in cell resolution decreases the time step and increase
the calculation time. Several simulations were conducted,
which proved that the cell size has little effect on the result if it
is less than 0.4 mm.
Table 3
Calculation parameters at Point p.
Scheme pm/GPa Dm/(m.s
1) px/GPa Dx/(m$s
1) pf /GPa uf /(m$s
1) pax/GPa uax/(m$s
1) pe/GPa ue/(m$s
1)
1 32.9 7451 26.9 6744 15.6 1695 0.472 4410 32.0 2715
3 36.4 7620 30.4 6962 11.9 2150 0.475 4154 20.1 3067
Fig. 5. Numerical simulation model of the simple PWG.
Table 4
Parameters of JWL for Comp B.
HE PH/GPa D/(m$s
1) A/GPa B/GPa R1 R2 W
Comp B 26.5 7576 524.23 7.678 4.2 1.1 0.34
Fig. 4. Theoretical calculation results for 4 typical schemes. (a) Comp B, dE ¼ 50 mm, L ¼ 50 mm, dA ¼ 22 mm (b) Comp B, dE ¼ 50 mm, L ¼ 50 mm, dA ¼ 19.5
mm (c) RDX, dE ¼ 50 mm, L ¼ 50 mm, dA ¼ 22 mm (d) RDX, dE ¼ 50 mm, L ¼ 40 mm, dA ¼ 22 mm.
Table 5
Parameters of Lee-Tarver model for Comp B.
Explosive I ms1 G Z
Comp B 44 200 1.6
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tion wave and a shock initiation, the JWL model was used in
the secondary charge, while Lee-Tarver model was used in
the main charge. Additionally, the shock responses of other
materials were modeled using the Mie-Gru¨neisen equation
of state (EOS). The metal constituent of barrier was
modeled as Al 2024 with the Steinburg Guinan constitutive
model. The main parameters of all materials are shown in
Tables 4e6.Considering the influence range of an impact initiation and
the interaction between transmitted shock waves in the main
charge, a series of Gauss points were set at the plane with a
distance of 15 mm from the interface of the main charge and
the radius increment of 3 mm. The time difference of a
detonation wave to arrive at each point was calculated, which
can be taken as a criterion to judge the flatness.
The size of the aluminum ring was adjusted around F
(50e22) mm  5.06 mm based on the theoretical calculations,
the results of several simulations are shown in Table 7. The
percentages of 70 and 60 represent the measured range, e.g.
Table 6
Parameters of aluminum and nylon.
Material Parameters in Mie-Gru¨neisen EOS Parameters in Steinburg Guinan or von Mises strength model
r/(g$cm3) C/(kg$s1) S1 S2 S3 g0 G0/KPa Y0/KPa Ymax/KPa
Al 2024 2.785 5.328 1.338 0 0 2 286 2.6 7.6
Nylon 1.14 2.29 1.63 0 0 0.87 36.8 0.5 /
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words, the measured diameter is 35 mm.Table 7
Time difference of several typical schemes.
Scheme Size of aluminum ring/mm Dtmax (  103 ms)
70% 60%
1 F(50e22)  3.5 120.1 81
2 F(50e22)  5.06 50 30
3 F(50e22)  5.1 39 19
4 F(50e22)  5.2 42 23
5 F(50e22)  5.3 45 28
6 F(0e0)  0 280.2 209.5By comparing the data in Table 7, it is easy to find out that
the flatness of the detonation wave is clearly improved after an
aluminum ring is added. The comparison of the first five sets
of the data shows that the flatness of detonation wave changes
with the size of the ring. Thus, it is necessary to design the
optimal size of aluminum ring so that a satisfactory flatness of
the wave can be obtained. The aluminum ring with the size ofFig. 6. The shapes of detonation waves at different times. (a) With fF (50e22)  5.1 mm is proved to be the optimal one with the
highest precision to generate a plane wave. Additionally, the
time difference increases with the measuring range due to the
disturbance of rarefaction wave.
Clearly, the configuration of the detonation wave measured
in Scheme 1 is far inferior to that of others. Without theoretical
calculations, tens of more models need to be used for the
simulations in order to obtain the optimal result. Therefore, a
theoretical analysis, as a valid reference, can be used to reduce
the workload of the numerical simulations.
The pressure nephogram of different simulations can be
used to show the shape of a detonation wave in a more intu-
itive way. It can be seen from Fig. 6 that the detonation wave
generated in PWG is much planar than the spherical detona-
tion wave only in a long cylindrical charge.
Additionally, the functional process of PWG can be
observed from the pressure nephogram in Fig. 6 (a). It is
obvious that the initial shape of the detonation wave is
spherical. The expansion of detonation products in air and the
shock waves in the aluminum media can be seen at 7 ms.
Finally, a quasi-plane wave can be observed at 12 ms.(50e22)  5.1 mm aluminum ring (b) Without aluminum ring.
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The theoretical model for the simple PWG with air-metal
barrier in Section 2 is essentially based on the following
three assumptions:
1) The disturbance of the rarefaction wave outside can be
neglected.
2) The parameters of detonation products in expansion are
defined by means of numerical simulations.
3) The propagation distance of shock waves in the main
charge during this process can be neglected.
The first assumption is based on that the disturbance of the
rarefaction wave outside can be reduced by a shell. The second
assumption is based on the fact that no appropriate model has
been established to describe the initial expansion of detonation
products. The final assumption is based on the current calcu-
lations, in which the time for shock initiation is ten-thousandth
of that for the whole process.
Compared with other types of PWGs, the advantages of the
simple PWG studied in this paper are listed as follows:
1) A cylinder structure and a plane surface are used to replace
the conic structure and the curve surface, which makes the
design and fabrication process relatively easily.
2) A detonation wave with a flatness of 0.039 ms within the
range of 70-percent diameter of the main charge can be
obtained, which produces a good flatness.
Although the simple plane wave generator with an air-metal
barrier has been designed based on the theoretical analysis and
numerical simulations, the following remarks need to be
pointed out.
1) In the theoretical model, the propagating process of detona-
tion wave at explosiveemedia interface is analyzed at its
central point for simplification. However, the whole process
is actually more complicated, especially at the air-metal
interface. Besides, the aluminum ring thickness (5.06 mm)
predicted by analytical model is less than that from the
simulation calculations. The reason is that the detonation is
regarded as instantaneous, inwhich the detonationvelocity is
steady after initiation. In fact, it is lower than CeJ velocity
before its steady state. Thus, the theoretical calculations only
provide a reference for the design of this kind of PWGs.
2) The proposed model presents a methodology to design the
simple PWG with an air-metal barrier. However, only
limited data are available in literature that give the com-
parison between the above calculated results and the
experimental data. More experimental work needs to be
carried out to validate the results calculated.
5. Conclusions
In this paper, a simple plane wave generator was designed
by means of theoretical analysis and numerical simulations,and the optimal size of the air-metal barrier was determined.
The theoretical analysis can provide a reference and reduce the
workload of the numerical simulation. The major conclusions
can be summarized as follows:
1) Two different propagation paths of the waves were dis-
cussed in the theoretical model. A detonation wave per-
forms differently when it contacts with metal and air.
2) The numerical simulations based on the calculation results
were conducted, where a detonation wave with a flatness
of 0.039 ms within the range of 70-percent-diameter was
obtained by using an aluminum ring with a size of
F(50e22)  5.1 mm.
3) The plane wave generator with an air-metal barrier is a
good flyer accelerating device, by which a plane wave with
high precision can be obtained using a simple structure.Acknowledge
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